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Trigonal distortion in zigzag-antiferromagnet iron phosphorus trisulfide
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The electronic structure of FePS3 was resolved using x-ray absorption spectroscopy with linear dichroism
of x ray between in-plane and out-of-plane geometries. By integrating the measurements with semiempirical
calculations, the observed nonvanishing feature in the dichroism spectra demands a site symmetry lower than
cubic to be taken into account. These effects cause an energy splitting between a1g and eπ

g orbitals of around
0.350 eV, contrary to previous reports purporting a smaller and insignificant energy splitting. Furthermore,
reduction in the Slater integral was needed to establish agreement with experiment and theory suggesting
metal-ligand covalency in the system. These findings shed light on how the local crystalline environment
affects the electronic structure and the anisotropy in FePS3 and will prove imperative in its potential spintronic
applications.
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I. INTRODUCTION

Orbital occupation and the local environment play an
essential role in determining the electronic and magnetic
properties of materials [1,2]. How the electrons of an ion
overlap and interact with the electrons of its neighboring
ions is paramount in understanding the fundamental nature
of materials [3–5], such as in metal-insulator transitions [6,7],
magnetism [8,9], and superconductivity [10–12]. In MoS2, the
role of the local geometry in the spin and orbital structure
was highlighted when a phase transition from the semicon-
ducting trigonal prismatic phase to metallic octahedral phase
yielded a decrease in the contact resistance in field-effect
transistors [13]. In the negative charge transfer Mott insulator
BaCoO3 where the tetravalent Co ions are in the low-spin
state, the hole in the eπ

g explained the observation of magne-
tocrystalline anisotropy [14].

The influence of these electronic properties is more pro-
nounced in the two-dimensional (2D) magnetic materials
which have received increased attention recently; specifi-
cally, the family of transition metal phosphorus trisulfides
(MPS3). The spin dimensionality in MPS3 can be chosen
by altering the metal, giving rise to systems explained by
isotropic Heisenberg, anisotropic Heisenberg, and the 2D
Ising model [15]. The [P2S6]4− bipyramid is perpendicular
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[Fig. 1(a)] to the metallic atoms arranged in a honeycomb
lattice giving this family the moniker magnetic graphene [18].
MPS3 was touted as a perfect two-dimensional magnetic ma-
terial because of the negligible direct exchange and extremely
weak magnetic interactions between layers [15]. A member
of this family, iron phosphorus trisulfide (FePS3), is a van der
Waals material that crystallizes in the monoclinic symmetry,
space group of C2/m [19]. It has an Ising-like spin dimen-
sionality and a Néel temperature (TN) of 118 K independent
of thickness [15,20]. Fe2+ ions in this material are ferromag-
netically coupled in a layer with two out of the three nearest
neighbors and antiferromagnetically with the third one, form-
ing zigzag magnetic ordering [21]. These zigzag chains couple
antiferromagnetically [Fig. 1(b)] with the other chains within
the layer and the ones along the c direction [22,23].

The optical absorption experiment claimed that the oc-
tahedra has a slight trigonal distortion, lowering the Fe-S
local point group symmetry from Oh to D3d . However, the
trigonal field splitting (�D3d ) was purported to be negligi-
ble, just in the order of 10 meV [24]. This argument was
negated by finding the material to be highly anisotropic us-
ing magnetic susceptibility [15] and three-dimensional torque
magnetometry [25]. Neutron spectroscopy even estimated the
trigonal splitting to be just 195 meV [26]. X-ray absorption
spectroscopy (XAS) offers an advantage in resolving these
controversial issues due to its capability in elucidating ma-
terial character by showing strong resonance arising from
the dipole-allowed transitions to unfilled valence states in an
element-specific manner.
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FIG. 1. (a) Atomic model of FePS3 [16] rendered using
VESTA [17] showing the atomic positions, (b) the spin configuration
showing the zigzag-antiferromagnetic ordering, (c) periodicity of Fe
and S unit cell viewed from the c axis, (d) LEED pattern obtained
using beam energy of 48.5 eV showing the diffraction spots cor-
responding to the unit cell marked in (c), (e) STM image showing
the step height, measured at 1.8 bias voltage and tunneling current
of 900 pA, and (f) Raman spectrum using excitation wavelength of
532 nm and laser power of 5.8 mW.

In this work, we resolved the electronic structure due to the
trigonal distortion and covalence between the Fe and S using
polarization-dependent XAS and semiempirical calculations.
This distortion causes energy splitting between a1g and eπ

g
orbitals of around 0.350 eV, evidenced by a non-negligible
feature in the x-ray linear dichroism (XLD) between the in-
plane and out-of-plane geometries. This feature manifested in
both the magnetically ordered and disordered states, implying
that the intensity distribution is predominantly induced by
crystal-field effects and that no spin-state transition occurred.
Considering Slater integral reduction, we further suggest a
metal-ligand covalency in this material. These observations
not only provide a clear insight into how the electronic struc-
ture is influenced by the local crystalline environment but is
also essential in the material’s potential spintronic application.

II. METHODOLOGY

Single crystals of FePS3 were prepared using the chemical
vapor transport method using sulfur as the transporting agent.
High-purity phosphorus, sulfur, and iron powder were mixed
thoroughly and were sealed in a quartz tube under high vac-
uum. The ampoule was heated for 1 to 2 wk in a horizontal
two-zone furnace with a temperature gradient of 200 ◦C be-
tween 700 ◦C and 500 ◦C. In order to provide sufficient partial
pressure for minimum transport rate and to ensure correct
stoichiometry of obtained crystals, 3%–7% excess sulfur was
necessary [27].

The unit cell periodicities of Fe and S are shown in Fig. 1(c)
and manifested in the low energy electron diffractometry
(LEED) [Fig. 1(d)]. The inner and outer diffraction spots have
reciprocal lattice constants of 12.46 and 21.50 nm−1, respec-
tively. These correspond to the Fe and P unit cells shown in a
red line, while the outer spots are for the S periodicity. Scan-

ning tunneling microscopy (STM) results [Fig. 1(e)] measured
the terrace height to be about 0.65 nm. Raman spectroscopy
was performed to verify the structure and vibrational proper-
ties of the sample. The Raman spectrum in Fig. 1(f) showed
the Eg vibrational modes at 219.35 and 274.80 cm−1 and the
A1g mode at 244.63 and 376.68 cm−1. The peak located at
around 99 cm−1 corresponds to the Fe vibration band while
the peak at around 153 cm−1 is the infrared-active mode (Eu)
of the P2S6 molecule [28,29].

III. RESULTS AND DISCUSSIONS

XAS was conducted using the total electron yield mode at
the National Synchrotron Radiation Research Center, Taiwan
Light Source 05B2 endstation with beamline geometry and
optics discussed elsewhere [30]. The beam had a grazing
incidence of 25◦ with respect to the sample surface as shown
in Fig. 2(a). Room temperature (RT) in this experiment was
about 300 K while low-temperature (LT) was about 110 K.
The sample was exfoliated before loading to the ultrahigh
vacuum chamber having a base pressure of 2 × 10−10 torr or
better. Semiempirical calculations were performed to reveal
the orbital ordering and hybridization [31].

Within an octahedral crystal field, the fivefold degener-
ate orbitals in spherical symmetry splits to an eg doublet
and t2g triplet band with the latter being more stable [32].
The energy splitting between these two bands is known
as the 10Dq. Under a trigonal distortion, the cubic field
elongates or contracts along the [111] direction [32,33] re-
sulting in lifting of the degeneracy in the t2g orbitals while
the eg orbitals remain doubly degenerate [32]. The t2g band
splits into a1g and eπ

g± orbitals where these states are lin-
ear combinations of dxy, dyz, and dxz orbitals expressed
as |a1g〉 = 1√

3
(|xy〉 + |yz〉 + |xz〉) and |eπ

g±〉 = ± 1√
3
(|xy〉 +

exp(∓ 2iπ
3 )|yz〉 + exp(± 2iπ

3 )|xz〉). The wave function of a1g

has the same shape as the dz2 orbital but is projected along
the [111] direction while the eπ

g± are perpendicular to this
direction [33,34]. Possible ground-state orbital occupation is
illustrated in Fig. 2(b). If eπ

g± is more stable, a1g has one hole.
The spectra of 2p XAS is a convolution of the intensity of

the transition matrix elements given by

I ∝ |〈 f |O|i〉|2δ(E f − Ei − h̄ω),

where the dipole operator O acts on the initial state |i〉
(2p63dN ) and having a final state | f 〉 (2p53dN+1). The delta
function guarantees energy conservation such that the energy
of the final state is the sum of the initial state and the inci-
dent photon energy. 2p XAS is dominated by electric dipole
transitions in which the orbital quantum number of | f 〉 dif-
fers by 1 from the |i〉 (�L = ±1) and the spin is conserved
(�S = 0) [35–37]. The Fe L3 (L2) peak was found at 706.6 eV
(719.3 eV) which is related to the electron excitation from
the 2p3/2 (2p1/2) level to an empty 3d state as shown in
Fig. 2(c). Thus, the energy difference in L3,2 peaks is related
predominantly to the 2p spin-orbit coupling. The persistence
of the dichroism in both paramagnetic and antiferromagnetic
states as shown in Fig. 2(d) confirmed that the distribution
has its origin dominated by crystal field. The overall negative
intensity in the XLD spectra not only explains the transcen-

125412-2



TRIGONAL DISTORTION IN ZIGZAG-ANTIFERROMAGNET … PHYSICAL REVIEW B 106, 125412 (2022)

FIG. 2. (a) Cartoon for experimental geometry and the ori-
entation of the sample with respect to the incoming light and
(b) illustration of the electronic structure of the Fe2+ ion in FePS3

showing the lifting of energy degeneracy due to trigonal distortion.
Presented in (c) are the experimental spectra of Fe 2p XAS in FePS3

using right (σ−) circularly, left (σ+) circularly, and linearly polarized
light at 300 and 110 K. The inset illustrates the edge-sharing Fe-S
octahedra. The gray dashed line is the two-step function used to
remove the contribution from the continuum. (d) XLD ( �E ‖ab- �E ‖c)
spectrum and its theoretical calculation simulated at 300 K. XAS
using linearly polarized light has been corrected for geometry ef-
fects. Instrumental and core hole lifetime broadening were taken into
account using a Gaussian of 0.10 eV and a Lorenztian of 0.36 (0.37)
eV FWHM, respectively. Plots were arbitrarily shifted vertically for
clarity.

dence from cubic symmetry but also explains the quadrupole
moment and the local anisotropic charge distribution [38–40].
The positive feature at around 705 eV indicates that the lowest
unoccupied orbital has an in-plane character and supports the
situation that eπ

g± is the lowest energy orbital.
Lifting the degeneracy in t2g, the orbital ordering, and

the energy separation that results in the trigonal distortion

FIG. 3. Ground-state contribution as a function of trigonal dis-
tortion parameters.

were determined semiempirically. Ligand field multiplet the-
ory (LFMT) developed by Thole et al. [41] was used. Built
on the framework of the atomic multiplet theory established
by Cowan and co-workers [42] and symmetry considerations
by Butler [43], LFMT had successfully explained material
properties strongly determined by symmetry in which per-
turbations due to the distribution of charges surrounding an
isolated ion were explicitly taken into consideration. The ma-
trix elements, upon the application of the trigonal to the cubic
field, are given as

〈
eσ

g

∣∣V
∣∣eσ

g

〉 = 6Dq + 7
3 Dτ ,

〈
eπ

g±
∣∣V

∣∣eπ
g±

〉 = −4Dq + Dσ + 2
3 Dτ , and

〈a1g|V|a1g〉 = −4Dq − 2Dσ − 6Dτ ,

where Dq, Dσ , and Dτ are the trigonal distortion parame-
ters [32] and V is the crystal-field potential energy considering
the octahedral (Voct) and trigonal field (Vτ ): V = Voct + Vτ .
�D3d is the energy splitting between a1g and eπ

g± quantified
using the equation �D3d = −3Dσ − 20Dτ /3. It is defined
positive when the a1g orbital is higher in energy or more un-
stable [44]. The trigonal distortion parameters were stepwise
changed, having a good fit at Dσ = −0.050 eV and Dτ =
−0.030 eV corresponding to �D3d = 0.350 eV in comparison
to optical spectroscopy value [45]. Representative calculations
using a charge transfer multiplet program for XAS [46] are
presented in Fig. 3. At Dσ = −0.05 eV, the ground-state con-
tribution is dominated by eπ3

g a1
1geσ2

g as Dτ was varied from
−0.10 to 0.02 eV and at Dσ � 0.07 eV at Dτ = −0.03 eV.
Beyond these, the nature of the ground state will be that
of a state with holes in the eπ

g as seen in the overall posi-
tive dichroism shown in Figs. S1(a), S1(e), and S1(f) of the
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FIG. 4. Fitting of the isotropic experimental spectra (solid black
line) with respect to the reduction of Slater integrals Fdd/Fpd/Gpd

implemented in the calculations (gray line). Agreement of theoretical
calculations to experiment was established when the integral was
reduced to 60/80/60%.

Supplemental Material [47]. The branching ratio represents
the fraction of the L3 transition to the total probability [48].
This is sensitive to the ground-state symmetry and spin state,
making it also sensitive to the valence. The presence of a
strong crystal field could result in a lower branching ra-
tio when it produces an intermediate or low-spin ground
state [49]. After normalization and edge jump subtraction, the
branching ratio was found to be 0.79 in both the paramagnetic
and antiferromagnetic ordering. This value is comparable to
that of a high-spin Fe2+ [50]. The eigenvalue of the op-
erator Ŝ2 is 6.0h̄2 asserting the absence of any other spin
states [51,52]. The XAS and XLD spectrum, the L2 edge in
particular, is better simulated if 3d spin-orbit coupling is not
included [Fig. S2(a)] describing the quenched orbital angular
momentum in this system with a 5Eg ground state. We attribute
the difference in the XLD between RT and LT to the structural
transition occurring at TN characterized by a discontinuous
change in lattice parameters [53].

Systematic peak width narrowing between pure transition
metals and its oxides had been studied and conclusions drawn
therein can be extended to the case of FePS3 in light of
hybridization [54,55]. We compared the half width at half
maximum of metallic Fe and FePS3 presented in Fig. S2(b)
and we observed that FePS3 L3 is narrower by 30%. It is

customary to reduce the Slater integrals: the intra-atomic
Slater (Coulomb) integrals of the Fe 3d electrons, Fdd ; the
intra-atomic Slater (Coulomb) integrals of the Fe 2p and
Fe 3d electrons, Fpd ; and the intra-atomic Slater exchange
integrals of Fe 2p and Fe 3d electrons, Gpd to 80% of the
atomic Hartree-Fock (HF) value to account for the exces-
sive electron-electron repulsion found in the calculations of
the free-ion case. However, this reduction was not enough
to have the theoretical model agree with the experimental
results, and thus, have to be further reduced to reflect elec-
tron delocalization and covalence. Representative percentage
reduction of the Slater integrals, coded as Fdd/Fpd/Gpd from
HF values, are presented in Fig. 4. The Coulomb integrals
can also be expressed in terms of the well-known Racah
parameters B and C, specifically: B = (9F 2

dd − 5F 4
dd )/441

and C = 5F 4
dd/63 [56]. We varied the Slater integrals and

observed that 80% reduction in the Gpd manifests the least
agreement in all combinations and must be lowered down
to 60% to better fit with the experimental spectrum. Best
reduction occurred at 60/80/60% reduction. Comparing also
Fdd across at constant Fpd and Gpd , there is enhanced shoulder
and peak width broadening leading us to the conclusion that
the mentioned reduction resembles the best estimate within
the assumptions in this work. Decreasing the Slater Coulomb
integral (Racah B) to 60% of the free-ion value is the evidence
regarding the nephelauxetic effect in this material.

IV. SUMMARY

In conclusion, this work provided evidence on the trigonal
distortion in FePS3. The energy splitting in the t2g orbital
is around 0.350 eV. Additionally, the hybridization as man-
ifested in the Slater integral reduction showed that FePS3

has a covalent character. Furthermore, this work supports the
observed magnetic anisotropy probed using torque magne-
tometry is due to the non-negligible trigonal crystal field.
This work underlines the strength of XAS alongside multi-
plet calculations to probe the local electronic structure and
hybridization in materials. Taking advantage of the large van
der Waals gap and the ease in mechanical exfoliation, inter-
calation and heterostructures made from this material would
be a good avenue to further explore possibilities with this 2D
magnet.
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